Cell proliferation and transformation induced by growth factor stimulation or by carcinogens, viruses, or oncogenes are characterized by an associated increase in polyamine levels, which is mediated by increased polyamine biosynthesis and enhanced uptake of polyamines. Polyamine biosynthesis is catalyzed particularly, in the level of ornithine decarboxylase (ODC). The elevation of cellular polyamine levels on the other hand accelerates the induction of ornithine decarboxylase antizyme (antizyme), which is involved not only in ODC-degradation, but in the negative regulation of polyamine transport. Taking advantage of these characteristics of antizyme, the potential of antizyme as a factor having anti-cell growth and anti-tumor activity was investigated. We show that antizyme can induce cell death associated with a rapid decline of intracellular polyamine contents. The possible anti-tumor activities of ectopically expressed antizyme were tested in p21H-ras (Val 12)-transformed NIH3T3 cells and several human malignant cell lines including a line with loss of p53 expression, and they were shown to be as sensitive as nontransformed NIH3T3 cells in vitro. The in vivo antitumor activity was also tested using nude mice inoculated with H-ras transformed NIH3T3 cells that had been transfected with inducible antizyme expression vector and the results showed that antizyme expression in vivo blocks tumor formation in these mice. These results suggest that ectopic antizyme expression is of possible therapeutic bene®t in the treatment of cancer, which is mediated by ODC inactivation and intracellular polyamine depletion.
Introduction
Polyamines stimulate DNA, RNA, and protein synthesis and stabilize membrane and cytoskeletal structures (Davis et al., 1992) . Cell proliferation and transformation induced by growth factor stimulation or by carcinogens, viruses, or oncogenes are characterized by an associated increase in polyamine levels (Haddox et al., 1980; Scalabrino et al., 1982; Holtta et al., 1988; Holtta et al., 1993) , which is mediated by increased polyamine biosynthesis and enhanced uptake of polyamines. ODC is the ®rst and rate limiting enzyme in the pathway that leads to the formation of polyamines from ornithine (Davis et al., 1992) . Recently, ODC has also been shown to be a critical factor in cell transformation of NIH3T3 and Rat-1 ®broblasts (Auvinen et al., 1992; Moshier et al., 1993) . It is also notable that c-myc and c-fos proto-oncogenes have been found to be transcriptional activators of ODC (Bello et al., 1993; Wrighton et al., 1993) . More recently, it was reported that ODC expression induces an enhanced level of tyrosine phosphorylation, in particular of p130 cas (Auvinen et al., 1995) , suggesting that there is a protein tyrosine kinase(s) acting downstream of ODC either dependent or independent of its catalytic activity. Thus, ODC and polyamines appear to play pivotal functions in the cellular signaling pathway for cell growth.
It is also noteworthy that elevation of cellular polyamine levels accelerates decay of ODC and that this process requires the induction of ornithine decarboxylase antizyme (antizyme) . Antizyme is also known for its role in suppressing uptake of polyamines (He et al., 1994; Suzuki et al., 1994) . These previous ®ndings open the possibility that antizyme may prevent cell growth or reverse transformed cell phenotype by depletion of polyamines through inhibition and degradation of ODC and suppression of polyamine uptake . The biological eect of ectopic antizyme expression was investigated with an aim to using it as a cytocidal factor with anti-tumor activity.
Results

Expression of antizyme and induction of cell death in NIH3T3 cells
In Northern blot analysis of NIH3T3 cells with FSAZwt (aa 64 ± 227) in heavy metal inducible vector pMT/ CB6 + , mRNA of transfected antizyme (lane 4), which is shorter than the endogenous antizyme transcript (lanes 1 ± 3), could be seen only upon ZnSO 4 addition (Figure 1b) . By Western blot analysis, antizyme could be seen only in the clone with pMT/CB6 64 ± 227) cultivated in the presence of ZnSO 4 and no endogenous antizyme protein could be seen in the others (Figure 1c ). This is compatible with the previous ®nding that antizyme mRNA but not protein is constitutively expressed and a frameshift mechanism is required for its translation Matsufuji et al., 1995 . The adherent cell number was sequentially counted following induction of expression of each cDNA fragment. Cells transfected with pMT/CB6 + alone showed normal growth rate, indicating that this concentration of ZnSO 4 does not aect the growth of NIH3T3 cells. In contrast, cells expressing HuFSAZ-wt (aa 64 ± 228) and FSAZ-wt (aa 64 ± 227) showed signi®cant reductions in the adherent cell population, which became apparent 12 ± 24 h after addition of ZnSO 4 (Figure 2) .
The cell death induced by wild-type antizyme in NIH3T3 with pMT/CB6 + FSAZ-wt (aa 64 ± 227) was characterized by a signi®cant dUTP labeling in TUNEL assay (Figure 3a) , suggesting that cell death would occur through apoptosis.
Identi®cation of the domain of antizyme responsible for the induction of cell death
In order to characterize the functional domain of antizyme responsible for cell death, several deletion mutants of antizyme cDNA were isolated ( Figure 1a ) and ligated into the pMT/CB6 + vector. FSAZ-mt (aa 135 ± 227) and FSAZ-mt (aa 169 ± 227) encoding the C-terminal half (aa 135 ± 227) and the C-terminal end (aa 169 ± 227) of mouse antizyme, respectively, eciently induced cell death 48 h after induction (Figure 3b) . The other two mutant of antizyme, FSAZ-mt (aa 135 ± 167) and FSAZ-mt (aa 64 ± 167), lacking the C-terminal end of mouse antizyme was ineective in this respect (Figures 1a and 3b) , indicating that the C-terminal region, which includes part of the sequences postulated to bind ODC and inhibit ODC activity, is indispensable for cell death induction.
Change of ODC activity and polyamine levels by antizyme expression Intracellular inactivation and degradation of ODC require an interaction with antizyme . Thus the ODC activity in NIH3T3 cells expressing dierent deletion mutants of antizyme was studied 6 h after antizyme expression. In mock transfected NIH3T3 cells no endogenous antizyme expression was seen either with or without ZnSO 4
Figure 1 (a) Schematic diagram of the postulated functional domains of rat antizyme and antizyme deletion mutants studied in this manuscript. a, a', and a''; Regions indispensable for the acceleration of decay encompassing 103 ± 136 (Mamroud-Kidron et al., 1994 ), 70 ± 120 (Li et al., 1994 or 88 ± 118 (Ichiba et al., 1994) , respectively. b, b' and b''; Regions postulated to bind ODC and inhibit its enzymatic activity encompassing 121 ± 227 (b) (Li et al., 1994) or 122 ± 144 (b') and 211 ± 218 (b'') (Ichiba et al., 1994) of rat antizyme. FSAZ-wt (aa 64 ± 227) and the other deletion mutant clones were generated by the addition of a start codon with +1 frameshift, so that FSAZ-wt (aa 64 ± 227), FSAZmt (aa 135 ± 227), FSAZ-mt (aa 135 ± 167) and FSAZ-mt (aa 169 ± 227) clones encode 64 ± 227, 135 ± 227, 135 ± 167 and 169 ± 227 of the amino acid sequence of mouse antizyme. HuFSAZ-wt (aa 64 ± 228) was generated in the same way. An arg to ter mutation was introduced at the 168th amino acid of human antizyme, and a mutant clone encoding 64 ± 167 (HuFSAZ-mt (aa 64 ± 167)) was generated. Human antizyme contains one extra amino acid in the C-terminal part and 228 is the last amino acid in this case. Concomitantly ODC activity showed prominent decline as analysed at 6 h after antizyme induction (Figure 4a ), when the dead cell population was less than 5% in each of the antizyme transfectants. Polyamine levels in these clones were measured at 3 h, 6 h, 12 h after antizyme induction (Figure 4b ). While the levels of all the polyamine species showed no changes in the mock transfectant, the levels in FSAZwt (aa 64 ± 227) and FSAZ-mt (aa 169 ± 227) transfectants showed signi®cant reductions 6 ± 12 h after antizyme induction. In the latter two transfectants, the reductions in the levels of putrescine and spermidine were more rapid in FSAZ-wt (aa 64 ± 227) transfectant than in FSAZ-mt (aa 169 ± 227), while the spermine level showed a slower but signi®cant reduction in both of the clones.
Antizyme-induced cell death does not require serum amine oxidase activity Antizyme-induced cell death was associated with a rapid reduction of intracellular polyamine content. Although the reason for this is not known, one of the possible mechanisms might be that antizyme dumps intracellular polyamines out. If this is the case, one may argue that toxic substances such as H 2 O 2 , aminoaldehydes and acrolein which are generated by oxidation of polyamines by serum amine oxidase (AO), lead to cell death (Parchment et al., 1991) . Since FCS contains AO, and oxidative products of polyamines generated by serum AO-dependent catabolism could be involved in antizyme-induced cell death, cells cultivated in the medium supplemented with HS instead of FCS were studied. NIH3T3 cells cultivated in DMEM with 10% HS with or without 0.5 mM spermine showed on sign of cell death. This was in contrast with the results analysed in the medium containing 10% FCS, where exogenous spermine induced cell death in a signi®cant population as determined by propidium iodide (Pl) uptake ( Figure 5 ). These results suggest that HS contains no or very little serum AO activity if any. When antizyme expression was induced in the clone with pMT/CB6 + FSAZ-wt (aa 64 ± 227) in medium with 10% HS or 10% FCS, more than 80% of cells showed Pl uptake ( Figure 5 ) in either of these cultivations. These results rule out the possibility that antizymeinduced cell death is dependent on oxidation of polyamines by serum AO.
H 2 O 2 as one of the oxidative products of polyamines generated by serum AO or intracellular polyamine oxidase (PAO), is well known to induce cell death in various cell types (Ha et al., 1997) . Reactive oxygen species (ROS) was analysed by dihydrorhodamine 123 (DHR)¯uorescence in NIH3T3 cells cultured in DMEM containing 10% FCS. Transient but prominent ROS production was noted 2 h after 0.5 mM spermine addition (data not shown) followed by a signi®cant cell death (see Figure 5 , lane 4). Antizymeinduced cell death, in contrast, was not associated with signi®cant ROS production early during cell death compared with mock transfectant as monitored up until 5% of cells demonstrated Pl uptake (data not shown). These ®ndings together indicate that antizymeinduced cell death is not mediated by polyamine catabolism induced by serum AO or intracellular PAO activity.
Antizyme induces cell death in p21H-ras transformed NIH3T3 cells and human tumor cell lines
Our ®nding on the cytocidal activity of antizyme was extended, and a stable clone of NIH3T3 transformed by p21H-ras (val 12) (Hancock et al., 1989) was studied for the sensitivity of antizyme-induced cell death. The transformed phenotype of NIH3T3 cells was con®rmed by morphological criteria and the soft agar colony forming assay (data not shown). When FSAZ-wt (aa 64 ± 227) was expressed with 80 mM ZnSO 4 , ecient cell death was observed in the p21H-ras (val 12)-transformed NIH3T3 cells as determined by Pl uptake (Figure 6 ). In order to extend these ®ndings to human tumor lines. IMR32, a neuroblastoma cell line, SAOS 2 , an osteosarcoma derived cell line and HT-1080, ®brosarcoma cell line, were transfected with human HuFSAZ-wt (aa 64 ± 228) (pMT/CB6 + HuFSAZ-wt (aa 64 ± 228)) and stable clones were selected for neo resistance. Each of the stable clones was cultured in the presence of 80 mM ZnSO 4 and analysed for the Pl uptake. An increase in the Pl positive population indicated that a signi®cant degree of cell death can be induced by antizyme expression in these clones (Figure 6 ).
Anti-tumor activity of antizyme in vivo
Although our study indicates that the intracellular expression of antizyme induces cell death in transformed NIH3T3 cells in vitro, one may argue that survival signals or growth promoting activities provided by the surrounding tissues may counteract the death signal of antizyme in vivo. Accordingly, the eect of antizyme expression on tumor growth was examined using an in vivo model system. In these studies (Figure 7) . The two mice with no evidence of tumor growth on day 30 remained free of tumors on day 60, 2 weeks after cessation of ZnSO 4 treatment (data not shown). These results suggest that antizyme has a potent inhibitory eect on tumor growth in vivo probably in a cytocidal manner.
Discussion
ODC is the ®rst and a rate limiting enzyme in the pathway that leads to the polyamine biosynthesis, and intracellular polyamines are essential components for cell proliferation, of which content is mediated by increased biosynthesis and enhanced uptake (Davis et al., 1992; He et al., 1994; Suzuki et al., 1994) . ODC also has been shown to be a critical component in cell transformation (Auvinen et al., 1992; Moshier et al., 1993) . More recent work has shown that ODC expression induces enhanced level of tyrosine phosphorylation, in particular of p130 cas (Auvinen et al., 1995) , suggesting that there is a protein tyrosine kinase(s) acting downstream of ODC either dependent or independent of its catalytic activity. The elevation of cellular polyamine levels induces antizyme production by a unique translational frameshifting mechanism (Rom and Matsufuji et al., 1995 . Antizyme slows down intracellular polyamine accumulation by inactivation and degradation of ODC and inhibiting polyamine uptake (He et al., 1994; Mitchell et al., 1994) .
In this study the possible anti-cell growth activity of antizyme with these diverse biochemical functions was studied. It should be noted that IL-1 reportedly induces antizyme expression, which is responsible for IL-1-induced growth inhibition of human melanoma cells through downregulation of ODC activity (Yang et al., 1997) . These previous studies suggest that ectopic antizyme expression may counteract the eect of ODC upregulation and lead to anti-tumor activity. We have been able for the ®rst time to show that ectopic expression of antizyme results in cell death of various mouse and human malignant cell lines. In order to clarify the cell death mechanism, intracellular polyamine concentrations were analysed in the clones with wild-type and several mutant antizyme cDNA clones. Putrescine and spermidine in the clones with FSAZ-wt (aa 64 ± 227) and FSAZ-mt (aa 169 ± 227) were completely depleted within 12 h of expression induction. The decrease in spermine content in these clones was slightly slow but was signi®cant. Thus the common ®nding in these clones was a rapid and signi®cant decline of all the species of polyamines. The inhibitors of polyamine biosynthesis, a-difluoromethylornithine (DFMO) and ethylglyoxal bis(guanylhydrazone) (EGBG), inhibit cell growth, but do not induce cell death (Fukuchi et al., 1992) . In this case, although depletion of putrescine and spermidine is signi®cant, that of spermine was shown to be less drastic (Fukuchi et al., 1992) . Antizymeinduced inhibition of cell growth but not cell killing in HTC cells was found to be associated with depletion of putrescine and spermidine, but not with a pronounced depletion of spermine . These reports, together with that of Brune et al. (1991) , where spermine was shown to prevent endonuclease activation and apoptosis in thymocytes, suggest that spermine depletion is most critical for cell death induction. Although not suciently characterized in our study, cell death would appear to occur through apoptosis as demonstrated by positive dUTP labeling using TUNEL method. This will indicate the necessity for a further study whether antizyme/ polyamines somehow participates in the pro-apoptotic signaling pathways triggered by extracellular stresses.
One may argue against the explanation that the extremely rapid decline of intracellular polyamines level could be induced simply by antizyme-mediated inhibition of ODC activity or more directly suppression of polyamine uptake. Antizyme may have another role in polyamine metabolism yet to be identi®ed, such as direct excretion of intracellular polyamines, playing an important role for the rapid depletion of intracellular polyamines. If this is the case, then one may further argue that toxic substances such as H 2 O 2 generated by oxidation of polyamines by serum AO triggered cell death. This possibility, however, is very unlikely under the ®nding that cells were sensitive to antizyme induced cell death in the medium supplemented with 10% HS, where serum AO activity was barely detectable. Obviously further study is needed to elucidate the mechanism for antizyme induced cell death including the possibility that antizyme may positively pump out intracellular polyamines through yet identi®ed metabolic pathways.
The in vitro ®ndings of cytocidal eect of antizyme were extended to a study of the anti-tumor activity in an in vivo model in nude mice. As exogenously supplied polyamines or survival factors can potentially prevent (Brune et al., 1991) , this is an important consideration in the clinical context. The results indicated that antizyme could induce ecient cell death even in vivo, probably associated with ODC degradation and inhibition of polyamine uptake. Our results also showed that this type of approach may be applicable to a broader spectrum of tumors, since a neuroblastoma-derived cell line IMR32 with ampli®ed N-myc gene (Imamura et al., 1992) and a fibrosarcoma-derived cell line HT-1080 were shown to die by antizyme expression (Figure 5 ). SAOS2 cells are known to lack the RB and p53 genes (Hendricks-Taylor et al., 1995) and the ecient cell death in SAOS2 cells indicates that antizyme-induced cell death functions in a p53-independent manner.
In order to characterize antizyme-induced cell death, several deletion mutant cDNA clones were transfected into NIH3T3. A minimal stretch of sequence between amino-acids 169 and 227 of antizyme was shown to be sucient to induce cell death. This was also the case for another mutant clone encoding the amino acid sequence between 135 ± 227, but not for a clone expressing the region 135 ± 167, demonstrating that the C-terminal region is essential for cell death induction. Previous work by others has revealed that two distinct functional segments exist in antizyme. The residues encompassing amino acid 103 ± 136, 70 ± 120 or 88 ± 118 of rat antizyme (a, a', a'' in Figure 1a respectively) have been shown to be indispensable for the acceleration of the degradation of ODC (Mamroud-Kidron et al., 1994; Li et al., 1994; Ichiba et al., 1994) . C-terminal residues encompassing amino acid residues 121 ± 227 (b in Figure 1a ) (Li et al., 1994) or 122 ± 144 and 211 ± 218 (b' and b'' in Figure 1a ) (Ichiba et al., 1994) , on the other hand, have been reported to bind ODC and inhibit its enzymatic activity but not to participate in degradation. In our study both FSAZ-wt (aa 64 ± 227) and FSAZ-mt (aa 169 ± 227) clones showed prominent cell death, leading to a speculation that inactivation of ODC activity may be sucient to trigger antizyme-induced cell death. Further study will be needed to elucidate ODC inactivation may exert more potent cell killing activity with ODC degradation than without degradation, in which case one can expect more eective anti-tumor activity in the former than the latter.
The human antizyme gene was recently mapped to chromosome 19p13.3 . This region also carries E2A/TCF3 (Kamps et al., 1990) and ENL/LTG19/MLLT1 (Tkachuk et al., 1992) , where the breakpoints for non-random translocation events in acute leukemias have been mapped. Loss of heterozygosity at 19p13 is frequently seen in adult acute lymphocytic leukemia (Pabst et al., 1996) . Some types of cancer, including ovarian (Sato et al., 1991) , familial breast carcinoma (Lindblom et al., 1993) , malignant ®brous histiocytoma (Mandahl et al., 1989) , and gastric cancer (Ochi et al., 1986) are associated with either allelic losses with 19p or chromosomal translocations involving 19p13. These ®ndings, together with data relating to cytocidal activity, support the view that the gene encoding antizyme could be a candidate tumor suppressor gene. Thus, further studies are warranted to determine the precise functions of antizyme with special emphasis on its role in the prevention of tumor development.
Materials and methods
Subcloning of mouse and human antizyme cDNA
Human (Tewari et al., 1994) and mouse wild-type antizyme (Kankare et al., 1997) cDNA constructs beginning at the 64th codon were subcloned in an inducible expression vector pMT/CB6 + (provided by Dr F Rauscher III) (Canman et al., 1995) with +1 frameshift as has been described in rat antizyme Rom and Kahana, 1994; Matsufuji 1995 (pMT/CB6 + HuFSAZwt (aa 64 ± 228) and pMT/CB6 + FSAZ-wt (aa 64 ± 227), Figure 1a ). (Human antizyme contains one extra amino acid in the C-terminal part resulting in 228 as the last amino acid). Antizyme cDNA variants such as FSAZ-mt (aa 135 ± 227), FSAZ-mt (aa 135 ± 167) and FSAZ-mt (aa 169 ± 227) encoding deletion mutants of mouse antizyme and HuFSAZ-mt (64 ± 167) with a deletion of C-terminal region of human antizyme ( Figure 1a) were also subcloned in pMT/CB6 + , appending the initiator codon to each of the cDNA constructs. Cells were transfected with these clones using lipofectamine (Life Technologies) according to the manufacturers protocol. Neomycin resistant clones were isolated in media containing G418 (2 mg/ml) for 3 weeks.
Cell culture and cell growth study of NIH3T3 cells transfected with antizyme cDNA Cells were cultivated in DMEM (Nissui Pharmaceutical Co. Ltd., Tokyo, Japan) supplemented with 10% FCS at 378C in an atmosphere of 5% CO 2 . For cell growth study, 1610 4 cells were plated in a 4 well Lab-Tek Chamber Slide (Nunc, IL, USA). Three hours later the culture media was replaced with media with or without 80 mM of ZnSO 4 . Cells were grown for 96 h and the adherent cell numbers were counted every 24 h. In the study for possible involvement of serum amine oxidase (AO) activity in antizyme induced cell death, horse serum (HS) (Bio Whittaker Ltd., Walkersville, ML, USA; Lot No. 7H0637) was replaced for fetal calf serum (FCS) and cells were cultured in the same way as in FCS.
Western and Northern blot analyses
Twenty mg of total RNA was electrophoresed in 0.9% Seakem agarose gel (FMC, Rockland, USA). FSAZ-wt (aa 64 ± 227) cDNA was radiolabeled by the random primer method and was used for a probe. Radioactivity for Northern blot membrane was analysed using a Fuji BAS2000. Twenty mg of soluble total cellular protein was electrophoresed in Multi Gel 10 (Daiichi Pure Chemicals Co., Ltd., Tokyo, Japan), and transferred to an Immobilon PVDF Transfer membrane (Daiichi Pure Chemicals Co., Ltd., Tokyo, Japan). Binding of the primary antibody was detected using a commercial ECL kit (Amersham Japan, Tokyo, Japan). a-ODC, a-antizyme and a-tubulin antibodies were obtained from Drs Cono, Kadota and Matsufuji and Oncogene Science (Cambridge, MA, USA), respectively.
Antizyme induced cell death
Cells in DMEM containing 10% FCS with or without 80 mM ZnSO 4 were harvested with trypsin and combined with cells¯oating in the medium, which were then stained with Pl. Cells which contained nuclear fragmented DNA were detected by an in situ dUTP-labeling technique (TUNEL) using a commercial kit from Boehringer ± Mannheim (Tokyo, Japan) (Delia et al., 1995) .
Flow cytometric detection of intracellular oxidation
Cells treated with 80 mM of ZnSO 4 or 0.5 mM of spermine were harvested with trypsin. Cells were washed with 16PBS and incubated with dihydrorhodamine 123 (DHR) (Molecular Probes, Eugene, OR)(10 mM) for 30 min at 378C. Ten thousand cells were then analysed for intracellular¯uorescence on a FACScan.
Measurement of ODC activity and polyamine contents
ODC activity was determined as described previously . Polyamine content was measured essentially according to the method described before (Igarashi et al., 1986) . Brie¯y cells were treated with 5% TCA and the polyamines in the supernatant were separated on a high-performance liquid chromatography system. The precipitate was stored for measurement of protein contents and the results were expressed as nmol/mg protein.
Measurement of the eect of antizyme overexpression on the incidence of tumors in nude mice
Two610
6 cells of p21H-ras (val 12)-transformed NIH3T3 cells contransfected with pMT/CB6 + (mock) or pMT/ CB6 + FSAZ-wt (aa 64 ± 228) were subcutaneously inoculated into six nude mice for each group. Each group was divided into two, one receiving NaCl and the other ZnSO 4 . Subcutaneous administration of 0.4 ml of either 0.9% NaCl or 80 mM of ZnSO 4 was carried out once daily and initiated on day 1 when the cells were inoculated. The tumor size was measured and described according to the method described before (Evans et al., 1982) .
